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The particular compositions of the intracellular membrane organelles rely on the proteins and lipids
received frequently through membrane trafﬁcking. The delivery of these molecules is driven by the
membrane-bound organelles known as transport carriers (TCs). Advanced microscopy approaches
have revealed that TC morphology ranges from small vesicles to complex tubular membrane struc-
tures. These tubular TCs (TTCs) support effectively both sorting and transport events within the bio-
synthetic and endocytic pathways, while a coherent picture of the processes that deﬁne the
formation and further fate of TTCs is still missing. Here, we present an overview of the mechanisms
operating during the TTC life cycle, as well as of the emerging role of tubular carriers in different
intracellular transport routes.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Membrane ﬂow between the intracellular compartments is mainlyThe internal membrane system in eukaryotic cells provides a
compartmentalised environment for carrying out different func-
tions by various proteins and lipids. However, these protein and li-
pid molecules are frequently not produced at the site(s) of their
activity. Therefore, speciﬁc transport pathways between the intra-
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).driven by membrane-bound organelles, called transport carriers
(TCs). After budding from a donor membrane, these TCs must al-
ready possess the factors that enable them to be targeted to their
correct acceptor membrane(s). Over the last decade, it has become
clear that the morphology of TCs operating in different membrane-
transport routes can vary signiﬁcantly, from the classical small
(50–100 nm) vesicles, to larger complex structures that frequently
contain tubular elements and that can reach up to dozens of mi-
crons in length [1,2]. Even the ﬁrst light microscopy recordings
of the living Golgi complex of astrocytes labelled with N-methyl-
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD)-ceramide revealed
tubular structures that emerged from trans-Golgi elements and ex-
tended along microtubules [3]. Dynamic tubular elements were
then reported to transport ﬂuorescent transferrin in migrating
ﬁbroblasts [4]. The beginning of the green-ﬂuorescent-protein
(GFP) era boosted further live-cell imaging technology, whereby
the ﬁrst ﬂuorescent cargo proteins that were followed in living
cells revealed a new world of large and highly dynamic tubular
structures that operate in various segments of the secretory and
endocytic routes (reviewed in [5]). With time, the list of molecules
that can be used to highlight transport events in vivo expanded,
further exposing an unexpected abundance of transport pathways
that rely on these tubular membrane elements [1,6–8] (see Fig. 1).
These tubular TCs (TTCs) have recently gained particular interest,
because in contrast to coated vesicles, the molecular mechanisms
that are involved in TTC budding and ﬁssion from a donor compart-
ment and the interactions of TTCs with their acceptor membranes
remain poorly understood [1]. The involvement of TTCs in thelsevier B.V. All rights reserved.
Fig. 1. Tubular transport carriers operate in different trafﬁcking routes. (A, B) Representative images of living cells extracted from time-lapse sequences that show tubular
transport intermediates (arrows) carrying VSVG-GFP from the ER to the Golgi complex (A) and from the Golgi complex to the cell surface (B). (C) Representative image of
staining with an antibody against MHC-I showing numerous tubular structures (arrows) involved in MHC-I trafﬁcking through the endocytic route. (D, E) Representative EM
images showing membrane tubules that connect cisternae across the Golgi stack (D, arrows) and an endosome with a protruding tubular element (E, arrow). Scale bar: 10 lm
(A–C); 120 nm (D, E).
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lular destinations has made them a target for studies using many
different methods, which included the advances that have been
made in live-cell imaging and electron microscopy (EM). In this re-
view, we will highlight the molecular mechanisms operating
during the life cycle of TTCs, and their roles in the different seg-
ments of the biosynthetic and endocytic transport routes.2. Mechanisms of tubular carrier formation
Why do cells need large tubular carriers to move cargo between
different membrane compartments? Apparently, in some cases
TTCs may have advantages over small vesicles. For example, this
appears to be the case when large amounts of cargo need to be
delivered over relatively long distances [9,10]. Given that long-
range transport usually occurs along microtubules, numerous car-
go molecules can be loaded into a single TTC and moved simulta-
neously to the target membrane by a single microtubule-
associated motor molecule. This mechanism thus appears more
efﬁcient than making a number of vesicles, each of which would
require a motor molecule for translocation to the acceptor
compartment.
Usually, the formation of TTCs follows three main stages [11]
(Fig. 2A): the budding step, which requires membrane bending;
then the extension of the growing TTC precursor, which is coupled
to cargo loading and docking on cytoskeleton structures; and ﬁnal-
ly, the detachment of the TTC from its donor membranes, pro-
moted by ﬁssion factors. In some cases, however, the ﬁssion
event does not happen and the growing tubule may fuse with
the acceptor membrane, and therefore generate a channel between
the two compartments (Fig. 2B). Such tubular channels potentially
allow for a rapid exchange between the connected compartments,
and have been suggested to operate in the major histocompatibil-ity complex class I (MHC-I) endocytic pathway [12] and in intra-
Golgi transport [13,14].
2.1. Budding of tubular transport carriers
Recent studies have provided increasing evidence that tubule
biogenesis requires an interplay between a subset of membrane-
bending/tubulating proteins and a speciﬁc lipid composition.
Indeed, cells host a repertoire of proteins and lipid-modifying
enzymes that maintain the dynamic and reversible membrane
remodelling that is needed for tubule generation (see Fig. 3 and
Table 1). These function in tight association with the cytoskeleton
and with motor proteins [15].
The roles of some of the structural proteins in membrane defor-
mation/tubulation have been widely recognized [15]. These pro-
teins act either by forcing membrane curvature or by sensing and
stabilising it. As an example of the former, coat proteins (such as
clathrin, COPI and COPII) polymerise into curved structures that
can bend membrane domains [16]. Alternatively, Sar1 and epsin
can insert their amphipathic helices into the outer leaﬂet of a lipid
bilayer, thereby increasing the positive membrane curvature [15].
Other rigid curved proteins, or protein modules [such as the Bin-
Amphiphysin-Rvs domain (BAR domain)] can bind to curved mem-
branes and stabilise them by electrostatic interactions [15,17]. In
addition, a novel group of tubulating proteins (comprising the sort-
ing nexins [SNXs], dynamin, amphiphysin and endophilin) has
been shown to drive membrane tubulation through multiple ef-
fects. For example, some SNXs contain different domains that are
responsible for membrane anchoring and membrane deformation,
and that are coupled to their ability to interact with microtubule
motor proteins, which pull the forming tubules out of the donor
membranes [17].
The roles of lipid-modifying enzymes in membrane deforma-
tion represent a new emerging ﬁeld of study. To date, the list of
Fig. 2. The mechanisms of tubular carrier formation. (A) Formation of a tubular transport carrier (TTC) comprises three main steps (1–3). TTC formation starts with the
deformation of the ﬂat donor membrane into a highly curved tubule (1), through the activity of membrane-bending molecules. Then the tubule undergoes further elongation
(2), which is coupled with cargo loading and its docking onto cytoskeleton structures; these pull the growing TTC precursor out of the Golgi complex. The elongation of a
growing TTC can be assisted by the assembly of speciﬁc coat and/or scaffold proteins. Finally, ﬁssion factors provide for the detachment of the TTC from the donor membrane
(3). (B) Formation of two different types of tubular carriers. When the ﬁssion of the budding tubule anticipates its fusion with the recipient compartment, this results in the
formation of a dissociative TTCs (1). In the other case, the growing tubule can fuse with the acceptor membrane while still attached to the donor membrane (2). This fusion
event connects the two membrane compartments via a tubular channel (either stable or transient), which can be used for both protein and lipid exchange.
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ferases and lipid kinases. Lipid-modifying enzymes catalyse
changes in the chemical structures of the lipids, thus affecting their
shapes, which induces modulation of the membrane geometry
[15,18,19]. Membrane bending can also be achieved via the activ-
ities of lipid-transfer proteins and ﬂippases. These proteins add li-
pid molecules to one of the leaﬂets in the membrane, and therefore
induce lipid bilayer asymmetry, which, in turn, causes spontaneous
membrane deformation [15].
Interestingly, many of the above ‘‘tubule-making” proteins con-
tain both membrane-bending modules and targeting domains,
which ensure their association to a speciﬁc intracellular compart-
ment (see Table 1). For example, SNX1 is bound to the endosome
membranes via its P40phox and p47phox phosphoinositide-bind-
ing domain (PX-domain) interaction with the phosphoinositide lip-
ids, while its BAR domain drives the formation of tubular carriers
directed from the endosome to the Golgi complex [17]. Similarly,
cytosolic phospholipase A2a (cPLA2a) uses a C2 module for speciﬁc
targeting to the Golgi membranes [20], where its catalytic site is
required for the generation of tubular intermediates that support
transport across the Golgi complex [21]. Therefore, such compart-
mentalisation of membrane-bending proteins allows the indepen-dent regulation of the formation of TTCs in each speciﬁc segment of
the biosynthetic and endocytic transport routes.
2.2. Elongation of tubular transport carriers
After the initial budding from the donor compartment, mem-
brane tubules frequently undergo further extension (in some cases,
to lengths of over a dozen microns). This process is usually coupled
to the loading of cargo, and it allows the adapting of bulky proteins
into budding TTCs (e.g. rigid 300-nm procollagen rods). Notably,
some cargoes, such as Shiga toxin and viral matrix proteins, have
intrinsic properties for the induction of membrane tubule budding
[22]. At higher concentrations, these cargo molecules tend to
aggregate within protein–lipid nanodomains, which, in turn, stabi-
lise a tubular conformation [22].
The process of tubule elongation can be supported via the
recruitment of various scaffold proteins. Both COPII and clathrin
have been shown to polymerise into tubular shapes [23,24]. Simi-
larly, when proteins with BAR domains are assembled into poly-
mers, they can stabilise membranes into a tubular conformation
[15]. In addition, local activities of the lipid-modifying enzymes
might be required to maintain the production of speciﬁc lipids that
Fig. 3. Intracellular transport routes supported by TTCs. Schematic organisation of
the biosynthetic and endocytic pathways. The arrows indicate transport routes
where TTCs have been indicated to operate under various conditions, and the
molecular players involved in tubule formation are given in red. ER – endoplasmic
reticulum, IC – intermediate compartment, TGN – trans-Golgi network, EE – early
endosome, LE – late endosome, RE – recycling endosome, MHC-I – endocytic MHC-I
compartment.
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fore, to support TTC growth [18]. Finally, elongation of TTC precur-
sors is frequently assisted by the cytoskeleton. A number of actin-
and microtubule-associated motor proteins appear to be impli-
cated in the pulling of tubular structures from donor membranes
[25,26]. Remarkably, microtubules and kinesin alone appear to be
sufﬁcient to trigger the formation of long membrane tubules from
liposomes in vitro [27].
2.3. Fission of tubular transport carriers
Several factors have been shown to contribute to the ﬁssion of
nascent TTCs from donor membranes. Interestingly, the extension
of tubular membranes along microtubules appears to be one of
these factors, as it generates membrane tension that, in turn, fa-
vours ﬁssion [28].Table 1
Examples of the proteins that favour the formation of TTCs in different intracellular trans
Pathway Protein Membran
ER-to-Golgi Sar1 Amphipat
Intra-Golgi Arf1 Amphipat
cPLA2a Phospholi
Post-Golgi Dynamin GTP-ase
FAPP2 PH, Glycol
CERT PH, Ceram
Plasma membrane-to-endosome Arf6 Amphipat
Epsin Amphipat
Endophilin A1 Amphipat
Amphiphysin Amphipha
Dynamin GTP-ase
SNX9 BAR
Endosome-to-plasma membrane Arf6 Amphipat
SNX4 BAR
Endosome-to-Golgi SNX1 BAR
SNX2 BARFission frequently takes place at the thinnest and geometrically
simplest regions of elongating tubular membranes [11], and might
be greatly facilitated by heterogeneous lipid microdomains [29].
Indeed, liposome tubules have been shown to break into small
pieces at the border between phosphatidylcholine- and choles-
terol-enriched regions [29]. Moreover, the extension of tubular
membranes might expose them to easy access by proteins that
promote membrane ﬁssion. Among these proteins, the dynamin
GTPase and C-terminal binding protein-1, short form/BFA-depen-
dent ADP-ribosylation substrate (CtBP1-S/BARS) represent two dis-
tinct core components in ﬁssion machineries that operate in
different transport pathways [30,31].
How is the ﬁssion of a growing TTC regulated? According to a
recent hypothesis, in some cases, ﬁssion appears not to occur until
the cargo is completely loaded into the budding tubule [10]. For
example, if a large and rigid procollagen rod is still present in the
neck of a budding tubule, this neck can apparently not be con-
stricted sufﬁciently (by dynamin or coat proteins) to trigger ﬁssion.
Alternatively, the regulation of TTC ﬁssion might rely on cargo
receptors. Some receptors in their ligand-bound conformations
have been suggested to compete with coat proteins for binding
partners, and therefore to prevent closure of the bud neck by the
fully assembled coat cage [32]. This would allow tubule elongation,
and, therefore, efﬁcient cargo loading (see below). It also cannot be
ruled out that interactions of cargoes with their receptors trigger
speciﬁc signalling cascades that control the activities of the ﬁssion
machineries [10]. Indeed, membrane ﬁssion proteins have been
shown to be targets of different signalling molecules [33,34], as
is the case for dynamin, where its phosphorylation modulates its
GTPase activity [33], which is required for ﬁssion. Dynamin sup-
ports the elongation of membrane tubules in its GTP-locked form,
but cleaves these tubules from the donor membrane when its GTP
hydrolysis is activated [35,36]. Thus, these properties of dynamin
highlight one of the efﬁcient regulatory mechanisms in the control
of the lengths of TTCs during the process of their formation.
3. Tubular transport carriers in the biosynthetic pathway
In the biosynthetic pathway, newly synthesised proteins that
leave the endoplasmic reticulum (ER) are funnelled to and through
the Golgi complex before being sorted for transport to their ﬁnal
destinations, which comprise different domains of the cell surface
as well as various compartments of the endosomal/lysosomal sys-
tem. Here, tubular membranes have been detected as taking part in
different transport events that are required for correct proteinport pathways.
e-bending motif Targeting domain Refs.
hic helix [48]
hic helix C2 domain [69]
pase A2 [21]
PH [33,35,36]
ipid transfer domain (?) PH [87,89]
ide transfer domain (?) PH [86]
hic helix [106]
hic helix, BAR ENTH [33,102]
hic helix, BAR [15,33]
tic helix, BAR [33,36]
PH [33,35,36]
Px [103]
hic helix [106]
Px [17]
Px [17]
Px [17]
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route.
3.1. Tubular transport at the ER/Golgi interface
Pioneering studies in living cells have revealed that upon export
from the ER, reporter cargo proteins, as with vesicular stomatitis
virus G-protein-GFP (VSVG-GFP), become concentrated in many
differently shaped, rapidly forming pre-Golgi structures, which
move towards the Golgi complex along microtubules. Frequently
during translocation to the Golgi complex, these structures are
stretched into tubular shapes [37] (see also Fig. 1A). These ER-de-
rived TTCs have been shown to carry numerous cargo proteins
(both soluble and membrane associated) to the Golgi complex
[38,39] although various cargo markers can be seen within tubular
elements to different extents [38]. Furthermore, the abundance of
tubular components in ER-derived carriers has been conﬁrmed by
correlative light-EM [40].
Taken together, these observations appear to be in contrast with
the traditional focus on small vesicles as the primary vehicles for
ER-to-Golgi transport [41]. Therefore, it has been proposed that
during the exit from the ER, cargo is loaded into COPII vesicles,
which then fuse with each other to generate larger tubular–vesic-
ular transport containers directed towards the Golgi complex [42].
Although some in vitro experiments have suggested that this
might be the case [43] convincing EM or live-cell imaging evidence
in favour of this scenario still remain to be provided. In contrast, a
number of observations in living cells have demonstrated that car-
go proteins depart from COPII-positive ER exit sites within pleio-
morphic, and frequently tubular, ER-to-Golgi carriers [44].
Moreover, despite its popularity, the above scheme with homo-
typic fusion of COPII vesicles will not work for some cargoes: those
that will not ﬁt into 60–80-nm vesicles, due to their size. This is the
case, for example, for the 300-nm-long procollagen trimers that
have been detected at ER exit sites, mainly within tubule-like
and saccule-like structures [45].
How to reconcile this controversy with the requirement for CO-
PII for ER exit of numerous cargo proteins [46], including procolla-
gen [47]? This issue can be resolved through the ability of the COPII
machinery to shape membranes into either vesicular or tubular
structures. Recently, it has been shown that a core component of
the COPII complex, the small GTPase Sar1, directly initiates mem-
brane curvature during the biogenesis of TCs. Upon GTP binding,
Sar1 can deform both synthetic liposomes [48] and ER membranes
[49,50] into tubules that resemble transitional ER elements that
initiate cargo selection. Tubule generation by Sar1 apparently oc-
curs as a result of membrane insertion of its N-terminal amphi-
pathic alpha helix [48]. Therefore, the initiation of TC budding by
Sar1 couples the generation of membrane curvature to coat-pro-
tein assembly and cargo capture. Moreover, detailed structural
investigations have revealed that the COPII cage around a budding
membrane can be expanded to accommodate a wide range of
bulky cargoes, including procollagen and chylomicrons [23]. This
indicates the COPII machinery as a driving force in the formation
of tubular ER-to-Golgi carriers.
In this case, how are the lengths of these COPII carriers regu-
lated? An elegant idea proposed recently by Saito et al. [32] pre-
dicts that cargo receptors might have a key role in this process.
These authors identiﬁed the transmembrane protein TANGO1 as
a collagen VII receptor that loads the bulky collagen VII trimers
from the ER into TCs. It has been hypothesised that when bound
to collagen VII, TANGO1 prevents Sec13/31 recruitment to the bud-
ding membrane, and therefore allows the carrier length to in-
crease. Once the cargo has been loaded, a change in the
conformation of TANGO1 would trigger Sec13/31 binding, with
the subsequent ﬁssion of a long cargo-ﬁlled COPII carrier [32].Interestingly, a high cargo load has been shown to boost the forma-
tion of ER-derived TTCs [39], suggesting the existence of a regula-
tory mechanism that improves the efﬁciency of the transport
process via an increase in carrier size.
Among other factors, biogenesis of Golgi-directed TTCs requires
efﬁcient interactions with microtubules to pull the tubules out of
the ER [39]. This event appears to be regulated by Rab activity. In-
deed, when the Rab proteins are removed from membranes by
microinjection of recombinant Rab-GDI, the formation of TTCs is
completely blocked [39]. It has also been shown that COPII is ex-
changed for COPI on nascent carriers [44,51]. However, it is likely
that COPI participates mainly in sorting events during TTC forma-
tion, as COPI-positive domains of carriers appear to be devoid of
anterograde cargo proteins, while being enriched in molecules des-
tined for ER retrieval [44,52].
Then once formed, what is the further fate of ER-derived TTCs?
According to numerous live-cell studies, there are various possibil-
ities. Frequently, tubular structures containing cargo have been
seen to translocate directly to the Golgi complex, where they
deliver their content for further processing [37,51]. Alternatively,
carriers may either fuse with pre-existing stable elements of the
so-called intermediate compartment (IC) [53,54], or they can fuse
to each other to form these IC stations [53]. Interestingly, these
IC elements send tubules that contain cargo towards the Golgi
complex [53,54], and sort such proteins as endoplasmic reticu-
lum-Golgi intermediate compartment 53 protein (ERGIC53) and
the Lys-Asp-Glu-Leu carboxy-terminal amino-acid sequence
(KDEL) receptor back to the ER [54]. Apparently, the stability of
the IC stations is supported by the delivery of such matrix proteins
as Golgi-associated protein 65 (GRASP65) and GM130 from the
Golgi complex by a subset of specialised TTCs [53]. Finally, it can-
not be ruled out that some tubules budding out of the ER in the
area close to the Golgi complex might fuse directly with the cis cis-
ternae of the Golgi stack, generating a membrane channel between
these two compartments. Such channels have been seen using var-
ious EM techniques [40,55,56]; however, their frequency and phys-
iological signiﬁcance remain to be understood.
After delivery of the cargo to the Golgi complex, a number of
proteins are retrieved back to the ER, including components of
the transport machinery, cargo receptors and ‘‘escaped” ER resi-
dents. This occurs via retrograde Golgi-to-ER transport pathways,
which can also be exploited by bacterial toxins [57]. The existence
of these pathways was suggested by the original experiments with
the fungal toxin brefeldin A (BFA), which induces the tubule-med-
iated ﬂow of Golgi proteins back to the ER [58]. BFA, therefore, re-
vealed tubular structures as potential TCs in this pathway. Further
studies have provided time-lapse cell sequences of tubular ele-
ments budding from the Golgi complex and carrying various mol-
ecules towards the ER [39,59–61]. Formation of these retrograde
TTCs from the Golgi complex has been shown to be driven by the
COPI machinery [61], with the exception of the carriers operating
in the transport of the Shiga toxin B (STB) subunit [60]. Apparently,
the STB pathway requires Rab6 activity to dock the forming carri-
ers onto microtubules for their further extension and scission from
the Golgi complex [60,62].
3.2. Tubular membranes for trafﬁcking across the Golgi complex
Two main models of intra-Golgi transport have dominated the
ﬁeld over the last decade. The vesicle shuttling model predicts that
COPI vesicles move cargo proteins across the stack. In contrast, the
cisterna-maturation model requires cargo to remain within the cis-
terna, which, in turn, matures gradually through the stack due to
the retrograde ﬂow of Golgi-resident enzymes, which is again
mediated by COPI vesicles. The key point in this debate is what
the COPI vesicles contain: cargoes or Golgi enzymes? Here again
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(for review, see [63,64].
With this focus on vesicles, the abundant tubular components
of Golgi membranes have been almost completely ignored in de-
bates on intra-Golgi transport. Even if the identiﬁcation of the tu-
bules connecting cisternae across the same stack indicates these as
possible transport intermediates for the movement of cargo
through the Golgi complex [56,65], the frequency of these intercis-
ternal connections has been repeatedly doubted. However, re-
cently, tubular connections have been detected at particularly
high frequencies in some tissues [66]. Meanwhile, EM tomography
studies have revealed that under conditions of active trafﬁcking,
tubules can regularly be shown to join heterotypic cisternae of
the Golgi complex [13,14] and to serve for transport across the Gol-
gi stack [21].
How might these intercisternal tubular channels drive intra-
Golgi transport? It has been hypothesised that small soluble and
transmembrane cargo molecules can exploit these tubular connec-
tions as pipelines for their diffusion towards the exit domains of
the Golgi stack [21,65,67,68]. However, some bulky cargoes (e.g.
200-nm-thick procollagen I aggregates) cannot be accommodated
within the lumen of these 40–60-nm-diameter tubules. In this case
the intercisternal connections might be used by Golgi enzymes for
retrograde transport towards such bulky cargoes to provide their
subsequent glycosylation and progression through the stack
[14,21].
For a long time, the molecular mechanisms involved in the mor-
phogenesis of intercisternal connections have remained unclear.
However, recently, cytosolic phospholipase A2a (cPLA2a) has been
shown to support the formation of tubular bridges across the Golgi
stack via the production of wedge-like lipids, which, in their turn,
favour spontaneous generation of membrane curvature [21]. In-
deed, the ablation of cPLA2a activity results in a loss of intra-Golgi
tubules, and as a consequence, in a strong inhibition of intra-Golgi
transport [21]. In addition to cPLA2a, Arf1 has been shown to in-
duce Golgi tubulation via membrane insertion of its N-terminal
amphipathic helix [69]. Therefore, it is possible that Arf1 and COPI
can deform membranes into buds [16], while the cPLA2a-gener-
ated lysolipids favour the elongation of these buds into tubules. In-
deed, Golgi tubules with a COPI coat at their tips have frequently
been observed in vitro using high-resolution EM [70]. On the other
hand, COPI has been shown to concentrate the fusogenic SNAP-
and N-ethyl-maleimide-sensitive fusion-attachment protein
receptor (SNARE) molecules [52]. Therefore, the COPI-coated tip
of a tubule might be used for the subsequent rapid fusion with
the next Golgi cisternae to generate a channel that is available
for transport across the Golgi stack. Indeed, the recent identiﬁca-
tion of the Golgi SNARE GOS28 within intercisternal connections
provides support in favour of this hypothesis [66].
3.3. Tubular elements in post-Golgi trafﬁcking
The post-Golgi segment of the biosynthetic pathway is probably
where tubular carriers have been seen at the highest frequencies.
This appears to be because the compartment of their origin, known
as the trans-Golgi network (TGN), is itself organised as an anasto-
motic reticulum of membrane tubules that reside at the exit pole
of the Golgi stack [71]. At this major sorting station, secretory mol-
ecules and lysosomal enzymes undergo segregation into post-Golgi
carriers that are directed to either the plasma membrane or the
endosomal/lysosomal system.
The combination of live-cell imaging and EM has revealed that
the majority of post-Golgi TCs have a complex organisation, as
their morphology is strongly reminiscent of the tubular and fenes-
trated elements of the TGN [11,72,73]. This complex architecture of
the carriers operating in post-Golgi routes reﬂects the necessity toaccommodate cargo proteins of different geometries and to load
large amounts of secretory proteins. Indeed, Clermont and co-
workers have shown that as a source of post-Golgi TCs, the TGN
varies considerably across cell types with different secretory activ-
ities [74]. In line with this, EM tomography has revealed the prolif-
eration of tubular TGN membranes in actively secreting cells [14].
These tubular TGN membranes can then serve as precursors of
TTCs, which can be seen in greater numbers in cells with intensive
post-Golgi transport [75].
Therefore, the biogenesis of TTCs in the Golgi begins with the
formation of tubular TGN-export domains (where different cargoes
are segregated from each other and from the Golgi enzymes),
which are then further extruded along microtubules, followed by
ﬁssion of mature TTCs from the donor membrane [11].
Interestingly, studies with GFP-tagged proteins have supported
the view that cargo directed to either different domains of the cell
surface or to the endosomal/lysosomal compartments exit the Gol-
gi complex in very similar TTCs [76–78]. This suggests that despite
the segregation of cargoes into distinct export domains, the initial
step of TTC morphogenesis may be similar for different pathways,
because it requires the originally ﬂat membranes of the Golgi cis-
ternae to be converted into highly bent, tubular TGN structures.
The membrane-bending process in the regions of TTC formation
might be in part facilitated by exclusion of the Golgi-resident en-
zymes, which stabilise Golgi membranes in the ﬂat cisternae-like
conﬁguration [79]. Therefore, enzyme-free membranes become
available for the specialised set of molecular machineries to drive
the budding, elongation and ﬁssion of nascent TTCs.
The characterisation of these machineries has advanced over re-
cent years, with different levels of success. While the key players
involved in the morphogenesis of TTCs directed to the cell surface
still remain elusive (see below), the molecular mechanisms operat-
ing in the export of lysosomal hydrolases from the TGN to the
endosomes have been extensively characterised [80]. The lyso-
somal enzymes are sorted from the bulk of the cargo proteins in
the Golgi complex by mannose-6-phosphate receptors (MPRs).
Then MPR–hydrolase complexes are frequently seen to be trans-
ported from the Golgi complex to endosomes in tubular carriers
that are coated with clathrin and its adaptor proteins: AP1 and
the Golgi-localised, gamma-ear-containing, ARF-binding proteins
(GGAs) [77,78].
Apparently, these clathrin adaptors (GGAs and AP1) have key
roles in the morphogenesis of these tubular carriers, through their
abilities to concentrate the MPRs into compact membrane domains
of the TGN [81], and to shape these domains further into vesicles or
tubules via the recruitment of the clathrin coat [73,78,81]. Of note,
the GGAs are capable of assembling clathrin into a tubular cage in-
stead of a spherical basket structure [24]. This property of the
clathrin coat allows TTCs to load more cargo molecules, as this
might be needed when the lysosomal hydrolase genes undergo
up-regulation [82]. In another scenario, clathrin has to deal with
such exceptional cargoes as von Willebrand blood-coagulation fac-
tor (VWF), which is assembled into long tubular multimers in the
TGN [83]. Clathrin and its adaptors drive the loading of VWF mul-
timers into 1–6-lm-long coated tubules that serve as the precur-
sors of the cigar-like VWF storage organelles called Weibel-
Palade bodies [83].
In contrast to the endosome-directed TTCs that are shaped by
clathrin adaptors, tubular carriers targeted to the plasma mem-
brane, as well as their TGN precursors, do not have any coat or
adaptor proteins (comprising b-COP; clathrin; c-, d- and d-adaptins
and GGAs) [11,76,78,84]. Therefore, the molecular machineries for
the shaping of TTCs that operate in the Golgi-to-plasma-membrane
transport route remain to be clariﬁed. It has been hypothesised
that some proteins similar to amphiphysin, endophilin or SNXs
might fulﬁl this role [2]. The other attractive possibility is that
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pates in TTC morphogenesis.
Indeed, recently, growing evidence has indicated that lipid-
transfer proteins such as phosphatidylinositol-4-phosphate adap-
tor proteins (FAPP2) and ceramide-transfer protein (CERT) are
important players at the exit from the TGN [85]. CERT and FAPP2
transfer ceramide [86], and glycosylceramide [87], respectively,
to the TGN. This might contribute to the generation of membrane
microdomains with particular geometries and lipid compositions
(which would probably be speciﬁc for each lipid-transfer protein),
where different cargo proteins can be sorted into tubular carriers
[85]. Indeed, the transfer of galactosylceramide has been shown
to trigger strong membrane tubulation in vitro [88]; thus, the
structurally similar glucosylceramide (which is transported to the
TGN by FAPP2) might also be expected to induce the formation
of tubular structures. In addition, the pleckstrin-homology domain
(PH domains) of both FAPP2 (FAPP-PH) [89] and CERT (our own
observations) promote the tubulation of TGNmembranes. Interest-
ingly, cargo proteins like VSVG enter FAPP-PH–induced tubules,
indicating that these are the precursors of TTCs that carry VSVG
to the cell surface [89].
When tubular precursors of post-Golgi carriers are still budding
from the TGN, they begin to dock to the cytoskeleton elements. In-
deed, both forming and nascent post-Golgi TTCs move along micro-
tubules [11,76,90]. This docking is usually mediated via a speciﬁc
kinesin (see below), which helps to ‘‘pull out” the growing TTCs
from the Golgi complex. This process is coordinated with tubule
ﬁssion, which is carried out by the main ﬁssion proteins, such as
the dynamin GTPase and CtBP1-S/BARS (for review, see [1]).
Once formed, TTCs need to be delivered to the correct post-Gol-
gi destinations. Here again, motor proteins funnel nascent TTCs to-
wards the microtubule highways that are directed to the target
(acceptor) compartments. Recently, the speciﬁcity of several kine-
sins for various cargoes and post-Golgi transport routes has been
demonstrated (for review, see [2]).
What are the further fates of TTCs in post-Golgi transport
routes? It has been demonstrated that Golgi-derived tubules carry-
ing VSVG can fuse directly with the plasma membrane [91,92].
Interestingly, TTCs still remain attached to microtubules, even as
their fusion with the plasma membrane is initiated [93]. Fre-
quently, these fusion events are not distributed randomly; in gen-
eral, the delivery of these carriers is directed to rapidly growing
membrane surfaces, such as the leading edge of the cell in motile
cells [94,95], the neurite growth cones of differentiating neurons
[96], and the lateral walls of polarising columnar cells in epithelia
[84,95,97]. The abundance of such speciﬁc tethering factors as exo-
cyst [84,96] and DLG [97] makes these surface domains attractive
for TTC docking and fusion. Of note, the precise spatial targeting of
TTCs to the correct plasma-membrane areas appears to be impor-
tant for processes that contribute to correct tissue development.
For example, the parallel alignment of collagen ﬁbres in tendons
and the development of synaptic terminals in the brain rely on
TTC-mediated delivery of procollagen [98] and neural cell adhesion
molecule (NCAM) [99], respectively, to the right places at the cell
surface.
Recent studies, however, have suggested that in some epithelial
cells, before they reach the plasma membrane, proteins released
from the Golgi complex can be detected in endosomes [100,101].
Apparently, TTCs also successfully operate in this indirect transport
pathway. Indeed, the delivery of E-cadherin to the basolateral sur-
face of epithelial cells (which occurs through the Rab11 endosomal
compartment) requires tubular membrane carriers for the export
of this cell–cell adhesion protein out of the Golgi complex [101].
Both direct and indirect (via the cell surface) routes also operate
for transport from the Golgi complex to the endosomal/lysosomalcompartments. Membrane tubules carrying the MPR have been
seen to dock and fuse with endosomes directly after their exit from
the TGN [73,78]. In contrast, newly synthesised lysosome-associ-
ated membrane proteins (LAMP) proteins exploit both direct and
indirect pathways for their delivery from the TGN to the endo-
somal/lysosomal compartments [80]. However, whether any tubu-
lar carriers participate in the trafﬁcking of the LAMPs still remains
to be clariﬁed.
4. Tubular elements involved in transport through the
endocytic pathway
The endocytic pathway constitutes a network of spatially segre-
gated compartments that have distinct roles in sorting, processing
and degradation of a large array of internalised cargoes. These in-
clude plasma-membrane proteins and lipids, as well as extracellu-
lar molecules. Upon internalisation, cargo is transported to the
early/sorting endosomes, which represents a dynamic tubular–
vesicular–vacuolar compartment in which sorting decisions are
made [17]. Then, the further fate of endocytic cargo is largely
determined by the activities of a number of endosomal sorting
machineries that direct the taken-up material towards other endo-
cytic compartments that are dynamically connected with each
other and the plasma membrane (including recycling endosomes,
late endosomes and lysosomes) by mechanistically diverse regu-
lated pathways (see Fig. 3). Tubular carriers have been described
to operate effectively in sorting and transport events throughout
the endocytic system [8,17].
The molecular machineries that drive endocytosis include a ser-
ies of membrane-tubulating proteins that have been distributed for
different segments along the endocytic pathway. Most of these are
multifunctional proteins, thus coupling membrane tubulation to
other functions, such as protein sorting (e.g. SNXs), membrane ﬁs-
sion (e.g. dynamin, endophilin, amphiphysim), and cell motility,
via interactions with components of the cytoskeleton (e.g. some
BAR-domain-containing proteins) [15].
4.1. Tubular structures in endocytic uptake at the cell surface
Numerous extracellular molecules and plasma-membrane pro-
teins exploit calthrin-dependent and/or clathrin-independent
pathways to enter cells. Clathrin-dependent endocytosis occurs
constitutively in all mammalian cells, and is carried out by its
own receptors that have cytoplasmic tyrosine or dileucine motifs
(see below). Clathrin-mediated endocytosis is accompanied by
spatially and temporally regulated interactions of multiple factors
that drive the two particularly important membrane-deforming
steps of membrane budding and membrane ﬁssion, which results
in the formation of vesicles [102]. TTCs have hardly been seen to
mediate clathrin-dependent uptake [78]. However, tubule-like
invagination of the plasma membrane facilitates the formation of
clathrin-coated vesicles [103].
Despite clathrin being the most abundant component of clath-
rin-coated pits, it does not directly interact with and bend the plas-
ma membrane; instead, it requires the support of accessory
proteins that can deform membranes. Indeed, the initial mem-
brane deformation and membrane budding is driven by epsin,
while amphiphysin, endophilin and dynamin act in the ﬁssioning
part of the process [33,102]. Epsin, for example, contains an N-ter-
minal ENTH domain that develops into an amphipathic helix upon
interaction with phosphatidylinositol 4,5-bisphosphate and that
has an intrinsic tubulation activity in vitro [104]. Once formed,
clathrin-coated pits need to be ‘‘pinched off” from the plasma
membrane by a ﬁssion-driven mechanism, and dynamin has al-
ways been considered as the master regulator of this process [33].
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other forms of membrane internalisation. Clathrin-independent
endocytosis ranges from pinocytosis to macropinocytosis and
phagocytosis, which are stimulated, actin-driven processes
[102,105]. In these cases, several molecules lacking the AP2 inter-
acting signal, such as MHC-I, the alpha-subunit of the interleukin-2
receptor (Tac), integrins, and GPI-anchored proteins, are trans-
ported through a clathrin-independent, Arf6-associated endocytic
pathway [105]. Clathrin-independent endocytosis has been sug-
gested to rely heavily on the activity of Arf6, which has mem-
brane-bending properties (due to an amphipathic helix [106]),
and therefore facilitates the formation of endocytic TTCs. Indeed,
tubular structures operating in clathrin-independent uptake have
been detected quite frequently [12,22,105].
4.2. Tubular carriers operating in the early and recycling endocytic
pathways
After internalisation at the cell surface, endocytic cargoes are
rapidly transported to early/sorting endosomes for further recy-
cling towards the plasma membrane, or for delivery to a number
of intracellular destinations. Detailed EM studies have revealed
that these endosomes contain both tubular and vacuolar elements,
which are frequently connected to each other [107] (see also
Fig. 1E) but have different molecular compositions [17]. While
the vacuolar part is usually ﬁlled with a mixture of endocytosed
proteins, the tubular elements budding from the same vacuolar
structure contain only speciﬁc cargo and are decorated by a partic-
ular set of accessory proteins [8,17]. Therefore, the formation of
tubular carriers directed from the early/sorting endosomes to the
other compartments is coupled with sorting events, and is thought
to be driven by different members of the SNX family [17] (see Table
1 and Fig. 3). Recent studies have indicated that SNX1, 2, 5 and 6 to
have key roles in the formation of TTCs carrying the MPR back from
endosomes to the TGN, while SNX4 has been shown to support for-
mation of tubular elements involved in transferrin recycling to the
cell surface [17]. Apart from the membrane bending mediated by
the BAR domain, SNXs participate in the docking of budding tu-
bules to either actin ﬁlaments or microtubules, as well as the
recruitment of dynamin, which promotes TTC release from early/
sorting endosome membranes [17].
Other subpopulations of endosomes have been shown to partic-
ipate in the trafﬁcking and sorting of cargoes that are not involved
in clathrin-dependent uptake. These endosomes can generate tu-
bules that reach up to 20–40 lm in length and that serve for the
recycling of endocytosed MHC-I back to the cell surface [105].
The molecular mechanisms behind the generation of MHC-I tu-
bules still remain unclear. However, ARF6 and Rab22 have been
shown to have signiﬁcant roles in this process [105].
4.3. Membranes tubules in late endocytic events
After the removal of recycling components and the arrival of
lysosomal hydrolases from the Golgi complex, early/sorting endo-
somes mature into late endosomes; these then fuse with lyso-
somes, to ensure degradation of their endocytosed materials. The
role of tubular elements in late endocytic trafﬁcking remains
poorly understood.
Live-cell imaging has suggested that tubular elements fre-
quently mediate late endosome-to-lysosome fusion [108]. Simi-
larly, phagosome fusion with late endocytic compartments
requires the formation of tubular elements that extend along
microtubules [109].
TTCs have been clearly shown to participate in the functioning
of specialised organelles of lysosomal origin, such as the MHC-IIcompartment of antigen-presenting cells. Upon stimulation, this
compartment produces numerous tubules that mediate MHC-II
delivery to the plasma membrane [110]. As in the case of other
TTCs, formation of the MHC-II tubular elements occurs along
microtubules and is required for efﬁcient MHC-II exposure at the
cell surface [111].5. Concluding remarks
According to this overview of the tubular carriers that are in-
volved in the different segments of intracellular transport path-
ways, we can conclude that despite signiﬁcant advances, a
complete understanding of the common mechanisms that operate
at the different stages of the TTC life cycle is still missing. The sig-
niﬁcant gap between the morphodynamic studies and the rapidly
growing list of molecules involved in the regulation of transport
ﬂow through the endocytic and biosynthetic routes appears to be
the main reason for our lack of knowledge. The extensive charac-
terisation of TTC morphology by video-microscopy and EM has
provided a framework for the placing of the molecular machineries
in the morpho-functional map of various trafﬁcking segments.
However, much less effort has been put into the inclusion of the
different molecular players in this map. This is a really important
task, given that TTCs have key roles in a number of important func-
tions (e.g. tissue development and antigen presentation). There-
fore, identiﬁcation and detailed investigation of TTC-associated
regulatory molecules might shed light on the pathogenesis of some
disorders [112] and provide a solid background for the develop-
ment of therapeutic approaches.
Thus further work needs to be carried out to integrate the newly
emerging proteins and their interaction networks into the regula-
tory processes that operate throughout the TTC life cycle.
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